2) the design fire scenarios, fire development and the movement and evacuation of smoke, depending on the geometric characteristics and ventilation conditions of the fire compartment and the type and amount of fire design load. Case study: car parks Building description: analysis of the structural characteristics. Each residential building is built on a seismically isolated plate, with dimensions equal to about 21×57m 2 . Each isolated plate (with height of 50cm) is sustained by steel columns (with height of 260cm) by the isolation system. In this area, below each seismically isolated plate, the parking (see Fig. 2b ) for about 34 cars are contained (see Fig. 3c ). In order to distribute the actions on the reinforced concrete foundation plate the columns are allocated on a 6m×6m grid. The dimensions in plant of the compartment are equal to 22×58 m 2 ; in fact the outside walls, when present, are mismatched 50cm with respect to the vertical projection of the edge of the seismically isolated plate. The steel columns are a circular hollow steel section with a capital at the top. The parking area can be fully open on the four sides or partially closed on one or more sides. Therefore, among the various examined cases are present both open car parks and almost completely closed, as well as several intermediate cases.
Modify of the
Choice of the active and passive fire protection systems. In this case study, the objective of fire safety design concerns the mechanical resistance and stability, in fire situation, of the primary structural elements in the zone below the seismically isolated plate. In this case a limited damage after the fire exposure has been required. The damage is quantified in terms of relative vertical displacements between the top of two adjacent columns: in order to limit the finishing damage in the superstructure, the relative vertical displacement must not exceed the limit value, chosen cautiously equals to L/200 (5.0 ‰), where L is the distance between two adjacent columns (L=6000mm). Finally, no specific protection systems (active and/or passive) are provided.
Static and fire design load calculation The Italian and European codes ( [1, 2] ) classify the fire as an exceptional load, so the fire design load combination is defined by:
where G k1 is the characteristic value of permanent structural load; G k2 is the characteristic value of permanent non structural load; ψ 2i . Q ki is the quasi-permanent value of a variable action i; A d is the design value of an exceptional action.
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Because of the great variability of the superstructure structural type, the fire structural analyses have been carried out, for simplicity and for the benefit of safety, with reference to the maximum combination of exceptional load (maximum axial load on each column equal to 1800 kN).
The design fire load density is closely linked to the type of cars which may be found in the car parks. The cars can be classified according to the thermal energy that can release during the fire. The cars can be classified in five categories according to their calorific potential value (see [4] ). In relation to currently circulating cars, it is possible to assume the contemporary presence of 32 vehicles of category 3 (calorific value equals to 9500 MJ), and 2 cars of superior category or 2 commercial vehicles; for the scope of the analyses, it refers to commercial vehicles (VAN) with calorific value of 9500 MJ containing 250 kg of highly inflammable material (calorific value of 40 MJ/kg), for a total of 19500 MJ. Therefore, once defined the distribution of cars, it is possible to determine the design fire load density. In this case the specific fire load density is: 
Finally, according to EN1991-1-2, the design fire load density can be evaluated as:
where δ q1 =1.4 (factor taking into account the fire activation risk due to the size of the compartment), δ q2 =1.0 (factor taking into account the fire activation risk due to the type of occupancy) and δ n =0.9 (factor taking into account the different active fire fighting measures i) are defined according to Italian code. Fire model and fire design scenarios. The fire scenario is significantly affected, among other things, by the geometry and ventilation conditions of the compartment. As regards the evaluation of number of vehicles involved in the fire and the timing of fire initiation by a car to adjacent one, reference is made to the informations from [4] and the guideline [5] . It is necessary to distinguish the car parks open on all their sides by those partially open (openings limited or absent on one or more sides). The presence of natural ventilation in open car parks does not allow the achievement of the flashover conditions: the phenomenon remains for the entire fire duration of "pre-flashover" type and a limited number of vehicles burn. In partially open car parks, instead, it is possible that the fire involved all of the cars. Therefore, the identification of the more dangerous fire scenarios for the structural stability is to define the position and the number of cars that may be involved in the fire and cause the more dangerous thermal action for the supporting structure building.
By applying the criteria proposed in the aforementioned guidelines to car parks open on all sides two localised fire scenarios (L1 and L2) was defined. The distribution and number of the cars and the fire propagation times from the VAN (equals to 12 min) are reported in Fig. 3a,b .
Instead, with regard to the partially open car parks (openings limited or absent on one or more sides), in addition to considering the localised fire scenarios (pre-flashover), there must be considered generalized fire scenarios as well (post-flashover), which involve, in the extreme event that the whole of car space available is occupied, all present vehicles. The time of the spread chosen for this case from a car to adjacent one is 6 min, in agreement with the results of the above experimental full-scale tests with limited ventilation. Therefore, the distribution of the cars and the fire propagation time from VAN (equals to 6min) are reported in the Fig. 3c .
For localised fire ( Fig. 3a,b ), the application of Hasemi's method (Annex C, EN1991-1-2), with the RHR curve of car of category 3 (Fig. 4a , see [4] ) and VAN (Fig. 4b , see [4] ), has provide the heat flux received by steel columns and reported in Fig. 4c . While for the generalised fire scenario, the application of OZone ver. 2.2 software ( [6] ) for different car parks ventilation conditions, has provide the compartment time-temperature curves reported in Fig. 4d . In order to maximize the fire exposure, the structural analyses have been referred only to the ventilation condition V1. Fig. 4 -Thermal conditions Structural model and fire safety assessment. In order to limit the analysis time without compromising the accuracy of the results, the thermo-mechanical analyses, for each fire scenario, have been conducted with the reference to the substructure highlighted in Fig. 5 ([7] ).
For each fire scenario, the global thermal-mechanical structural analyses of the substructure in Fig. 5 are conducted by using the non linear software SAFIR2007a ( [8] ), developed at the University of Liege (Belgium), which performs the structural analysis under fire conditions. The steel columns are modelled with beam elements with circular cross-section, while the reinforced concrete slab is modelled with shell elements. In addition to the global analysis, for each fire scenario, in order to calculate more accurately the thermal field and stresses distribution in the capitals above the columns and to assess the possible local buckling, a detailed thermo-mechanical analyses has been conducted with reference to the more stressed and heated column. The 3D modelling have been developed with the finite element software ABAQUS/standard ( [9] ). The thermal exposure conditions were considered according to Fig. 4c,d . The axial load corresponds to the axial load obtained by the global structural analyses. Analyses results. For sake of brevity, the results of structural response in fire situation are reported only with reference to the fire scenario L2, which appears more unfavourable (Fig. 6 ). The maximum temperatures reached in the columns do not exceed 600°C (Fig. 6a ). The thermal action produces both in the columns and slabs several thermal expansions. Because of the thermal curvature of the slab the columns axial load increases (Fig. 6b) . The axial load is further amplified from the differential thermal elongation (Fig. 6c ) of columns, exposed to different thermal conditions, which is constrained from slab shear stiffness. The columns displacement reflects, in general, the temperatures trend. However, the reduction of stiffness that the structural elements suffer, if constrained to high temperatures, may lead to a premature reversal development in displacement respect to the temperature trend. The maximum differential displacement, during the fire exposure, is about 16mm (between the column 120 and column 130) and this value corresponds to 2.6 ‰ below the limit value of 5.0 ‰. Moreover, in Fig. 6d the axial load resistance of the column, evaluated according to EN1993-1-2, is compared with the axial load during the fire exposure. As regards the detailed analysis of the column, the displacement at the head of column is very similar to those obtained in the global structural analyses (Fig. 7) . The final displacement is about 5mm in the central area of capital and about 2mm in the tube head: this is due to the plastic strain which has developed in the tube and in the capital (mainly in the zone of load application) during the fire exposure. 
Conclusions
The Fire Safety Engineering approach thanks to advanced calculation models both for fire and for thermo-mechanical analysis of the structure, allows simulating the response behaviour of the structure exposed to "natural" fire scenarios. The FSE application to the car parks, to which this paper is dedicated, is allowed thanks to the information about the possible fire scenarios provided by the European Research Project CEC agreement 7215-PP/025 (2001). These fire scenarios may be of localised or generalised type as a function of the geometry and openings of compartment, namely of the ventilation conditions. A natural fire is characterized by a heating phase and by a cooling phase. The thermal gradient in structural elements produced by the cooling phase is opposite to that produced by the heating phase. During the heating fire exposure there is a non-linear structural behaviour and plastic strains can be achieved in the structural members; therefore, after the cooling phase the stresses and the forces in the structural element can be different from the ones that could be found before the fire exposure.
The stresses and forces induced by constrained thermal deformations may cause structural collapse; however, they cannot be fully controlled by the prescriptive approach, as this approach is based on the assumption of a standard fire curve which increases unrealistically.
Finally, the thermo-mechanical analyses in fire situations for the described case study, consisting of the car parks located at the ground floor of buildings of the C.A.S.E. Project -L'Aquila, showed that the structures, and in particular the steel columns, considered unprotected, satisfy the performance level set to the design fire scenarios, also thanks to an overstrength in normal condition design.
